Highly luminescent Si nanoparticles (NPs) terminated with alkoxy monolayers have been synthesized via sodium biphenylide reduction of SiCl 4 encapsulated with inverse micelles of dimethyldioctylammonium bromide in a mixture of toluene and glyme, and subsequent alkoxylation of surface SiCl bonds. The optical absorption and emission spectra are blueshifted with reduction in size of the Si NPs (d¯5 nm), relatively. Interestingly, it is found that the monolayers, which serve as a shell to protect the Si core from surface oxidation, play an important role in the appearance of the quantum size effect which generates a size-tunable photoluminescence (PL) property with a high PL QY. Decrease in molecular coverage of an alkoxy shell causes the partial surface oxidation of a Si NP, leading to the appearance of the interfacial-related PL feature. Time-resolved study of the fluorescence in Si NPs with and without oxide is performed to understand the essential difference of the electronhole recombination process between each NP systems. The synthesis of highly luminescent NPs with tailored PL properties in the ultravioletvisible region required full control of the NP size distribution and the chemical property at the heterogeneous interface between the Si cores and the organic shells.
Introduction
The study on the quantum confinement (QC) effect has fueled tremendous interests in a range of optical and optoelectronic applications including lasers, light-emitting diodes, photovoltaic devices, solar cells, full-color displays, sensors, and biological fluorescence tags. 1)6) Because the quantum dots (QDs) of semiconductors satisfy the most of fundamental prerequisite toward the achievement of these applications. It is particular worth noting that the QDs exhibit (i) the superior stability against photobleaching compared to conventional organic fluorescent dyes, (ii) the broad optical absorption features with narrow lightemission spectra, (iii) the size-tunable fluorescence emission properties with high quantum efficiencies. Another key advantage is that the bandgap of a semiconductor QD is expected to be tuned between the bulk bandgap and the discrete energy level of the nanocrystal. For example, the QC effect of compound semiconductor nanocrystals theoretically allows a nearly continuous tune of the bandgap over as much as ³1.5 eV.
Silicon (Si), the cornerstone material in current microelectronics, provides a platform for large-scale integrated circuits, but is extremely inefficient at emitting light due to its indirect bandgap character. Therefore, the discovery of red photoluminescence (PL) from porous Si in 1990 has raised a hope for breakthrough in information technology, that is, silicon optoelectronic integrated circuit technology. 7) Unlike QDs of IIVI, IV VI and IIIV compound semiconductors, the industrial use of luminescent Si can offer the nontoxic and eco-friendly optical and optoelectronic systems including laser, 8) solar cell, 9) memory, 10) and biomedical imaging. 11)13) At the same time, its finding opened a long-running debate on the PL origin, because of the exciting possibility for the appearance of the QC effect even in indirect bandgap semiconductor, Si. A 1% of the red PL quantum yield (QY), which is 10,000 times higher than that of bulk Si, also suggested that the light emission could result from the QC effect. 14) Since then, a wide variety of synthesis approaches have demonstrated the distinct PL emission features in the red, green and blue range. 15)26) These bright visible luminescence have required small crystalline Si NPs with sizes comparable to or smaller than the exciton Bohr radius for bulk Si (³5 nm). Although the PL origin is still unclear, a current consensus is that the QC effect is observed from non-oxidized Si NPs, and creates discrete sizes with distinct fluorescence emission wavelengths in the red-to-blue region. Unlike such non-oxidized NPs, the optical transition process in a Si/SiO 2 core/shell nanoparticle is dominated by the interfacial configuration between the core and the shell, such as highly localized defects or a coupling of excitons and polar SiOSi vibrations. 27 ), 28) More recently, we reported a size-tunable PL features at the ultraviolet (UV) wavelengths by the precise size control of non-oxidized crystalline Si NPs with sizes smaller than 2.5 nm. 29) This is the first demonstration of size-dependent PL features in the UV region. The UV PL QYs were estimated to be 20% which is much higher than those of other non-oxidized NPs capped with hydrogen atoms (QYs = 17%), 30)32) and reaches the estimates for some of IIIV and IIVI semiconductor QDs. 33) 35) The first challenge in realizing the industrial use of Si light-emitters should be a better understanding of the UV PL origin for whole control of such unique light emission properties.
In the present study, we investigate the PL relaxation process of the intense UV light emissions to discuss its origin, and propose the optimum nanostructures to generate the bright luminescence at various wavelengths (or photon energies) across the UVvisible range.
Experimental methods

Materials
The chemical reagents, anhydrous toluene (Wako), anhydrous ethylene glycol dimethyl ether (glyme, Kanto Kagaku), sodium (99.95%, Aldrich), biphenyl (TCI), SiCl 4 (99.998%, Aldrich), dimethyldioctylammonium bromide (DMDOAB, TCI), anhydrous 1-hexadecanol (Aldrich), anhydrous 1-methanol (Aldrich), 6-amino-1-hexanol (TCI), anhydrous chloroform (Wako), 1.0 M of lithium aluminum hydride (LAH) in tetrahydrofuran (THF) from Aldrich, anhydrous THF (²99.9%, Aldrich), 1-octene (TCI), chloroplatinic acid hydrate (H 2 PtCl 6 ·xH 2 O, 99.995%, Aldrich), and N-methylformamide (>99.0%, Kano Kagaku), N-(6-aminohexyl)-3-aminopropyltrimethoxysilane (AHAPS, Gelest Inc.), and triethoxysilylundecanal (TESUD, Gelest Inc.) were used as received or were degassed by a series of freezepump thaw (FPT) cycles as described below.
Synthesis of alkoxy-capped Si NPs
Alkoxy-capped Si NPs were synthesized on the basis of our previously reported two-step procedure. 29) All of experiments were performed on a grease-free vacuum line at room temperature and atmospheric pressure. In a typical experiment, sodium biphenylide (Na
) was prepared as a reducing reagent from sodium (0.54 g) and biphenyl (3.62 g) stirred for 8 h in a 30 mL of dehydrated glyme to give a reducing agent, i.e., Na + Ph 2
¹
. In an another round shape of flask, a 50 mL of absolute toluene including a 540¯L of SiCl 4 and a surfactant of DMDOAB was vigorously stirred for 2 h under a flow of argon gas filtered with phosphorus (V) oxide and reduced copper. The solution of the reducing agent was added dropwise over a period of 30 min. After further vigorous stirring for 1 h, an excess of either one of 1-alkohols, which were preliminarily subjected to FPT cycle on a grease-free vacuum line by the use of Dewar flasks filled with liquid nitrogen in order to remove the dissolved oxygen, was then added via cannula, and the solution was next stirred overnight vigorously. In most of the experiments, we obtained white-to-yellowish solutions with white precipitates. The white precipitates were removed by filtration through a 100 nm membrane filter. All of solvents were successively removed by rotary evaporation. Postsynthesis treatments were performed for purification using a convenient silica gel column chromatography with an eluent of either one of cyclohexane, dichloromethane, a dichloromethane/cyclohexane gradient, and ethyl acetate. Further purification was performed using a high-pressure liquid chromatography (HPLC) to remove the undesired byproducts. Accordingly, we obtained slightly white-tinged or lightly yellowish viscous products.
Synthesis of alkyl-capped Si NPs
Octane-capped Si NPs were synthesized on the basis of the previously reported by Tilley and co-workers. 36 ) A 3.0 mmol of SiCl 4 was stirred for 2 h at room temperature in a 100 mL of absolute toluene together with a 12 mmol of DMDOAB. A 9.0 mL of LAH solution was added dropwise over a period of 30 min, and thereafter the solution was then left for 3 h in order to produce hydrogen-terminated Si NPs. After the reaction, the excess LAH was quenched by the addition of anhydrous methanol. A platinum catalyst was next added dropwise to the solution, followed by an excess of the FPT-treated 1-octene. The solution was stirred at room temperature for 12 h. All of the solvents were removed by rotary evaporation. The resulting dry powder was then redispersed in 20 mL of hexane and sonicated for 20 min. The hexane solution was subsequently purified by first filtering with a 100 nm membrane filter and then washing with 100 mL of N-methylformamide and finally with distilled water. After the filtration, Si NPs capped with octane monolayers were purified using a convenient silica gel column chromatography with an eluent of cyclohexane.
Characterization
The PL spectra were recorded on an F-7000 Fluorescence Spectrophotometer (Hitachi High-Tech), and the UVVis absorption spectra were taken with a U-2900 Double-Beam UV Visible Spectrophotometer (Hitachi High-Tech). The optical and emission spectra were recorded at room temperature in chloroform or dichloromethane for the Si NPs, in water for Ltryptophan, and in ethanol for anthracene. PL decay profiles of the colloidal Si NPs in a 10 mm quartz cuvette were recorded using time-correlated single photon counting (TCSPC) lifetime spectroscopy. FTIR spectrum was examined at 4 cm ¹1 resolution with 256 scans using a Spectrum GX, Perkin-Elmer. For this measurement, the sample was prepared by casting a 10¯L of neat droplet of the product on KBr disk. The NMR spectra were recorded on a Bruker Biospin DRX-600 spectrometer, and all the chemical shifts are referenced to (CH 3 ) 4 Si (TMS; d = 0 ppm for 
Preparation of SAM microarray and NP attachment
A multifunctional microarray, in which different types of selfassembled monolayers (SAMs) are positioned on predefined surface sites on a substrate, was prepared using liquid manipulate lithography (LML) process described in detail in our previous paper. 37) Specifically, the direct-writing for creating SAM microarray was initiated by delivering neat alkoxysilane inks to predefined surface sites of SiO 2 /Si substrate. The precise positioning of the inks was achieved by a combination of a microinjection system (FemtoJet, eppendorf Co., Ltd.) and a micromanipulator (InjectMan NI2, eppendorf Co., Ltd.) with a femtochip, which was a glass capillary tube with an internal diameter of 500 nm, under optical microscopy observation. The fabrication of multifunctional microarray required a second direct-writing with another kind of alkoxysilane ink just after first injection. In the present study, two different kinds of SAM precursors, i.e., TESUD and AHAPS, were used as alkoxysilane inks for making a TESUD/AHAPS-SAM microarray. The sample substrate was then placed for two nights in a Teflon container filled with Ar gas. The container was next left for 8 h in an oven heated at 60°C. After that, the sample was sonicated for at least 10 min with toluene, dichloromethane, and acetone in that order. Finally, the sample surface was scrubbed thoroughly with cottons saturated with acetone.
The attachment of amino-terminated Si NPs onto the surface of SAM microarray was performed in accordance with the following procedures. A 2.5 mL of sodium phosphate containing 50 mg of the NPs was added to 2.5 mL of a 0.1 M sodium acetate buffer (pH 4.6) containing 2.5 mg of sodium cyanoborohydride. This solution was added to 5 mL of sodium phosphate (0.1 M, pH 7) containing the SAM microarray with TESUD-and AHAPScovered regions. After that, this solution was left for 1 h at room temperature. Next, the substrate was washed several times with both buffers for the NPs attachment, and then sonicated in fresh sodium phosphate containing 0.5% by volume of Tween 20 (polyoxyethylene sorbitan monolaurate). Finally, the sample substrate surface was scrubbed thoroughly with cotton which was saturated with phosphate buffered saline (PBS; pH 7.2). In a fluorescence observation, a drop of fresh PBS was put on the sample substrate, and a piece of cover slip was then placed gently on it. Fluorescence images were corrected using a DM2500Fluo/ PH (Leica, Co. Ltd.) and a set of an excitation filter (BP480/40) and an emission filter (BP527/30).
Results and discussion 3.1 Efficient PL features in the UV region
Room temperature synthesis of the crystalline Si NPs with diameters smaller than 2.5 nm in the inverse micelle solution and subsequent alkoxy termination was performed via a synthetic route depicted in Fig. 1 . There is a commonly-held view that two structural keys dominate the interband transition of photoexcited carriers to give a significant blueshift of bandgap absorption and photoemission with enhanced PL efficiency; one is a diameter or size of a NP core, and the other is its surface chemical property. 29) A d¯2.5 nm in size is enough small to generate the widening of the fundamental optical bandgap in a Si NP system. In addition, the presence of surface oxide layer on a Si NP makes a difference in a recombination process between photoexcited electrons and holes across the gap. It is therefore required to produce NPs with the homogeneous surface, i.e., non-oxidized Si, for the debate on PL origin. Thus, we performed in the initial step a separate collection of the non-oxidized Si NPs from the products containing the partially and/or the absolutely oxidized NPs using column chromatography on silica gel (gradient elution with 020% dichloromethanecyclohexane). Due to the great difference in surface polarity, the non-oxidized Si NPs passed through the column much faster than the NPs with oxide. A virtue of alkoxy passivation is perhaps to provide a high molecular packing density even on a surface of the NP compared to other linkers including a thiol-silicon system. 38) As expected, infrared spectroscopic study showed that the high molecular density of alkoxy monolayers allowed the complete surface passivation to give non-oxidized Si NPs as described latter. Figure 2 shows high-resolution TEM images of the alkoxycapped Si NPs prepared in mixtures of absolute toluene and glyme with different SiCl 4 /DMDOAB molar ratios. As is seen in the images, Si cores became large in diameter with increase of the SiCl 4 /DMDOAB molar ratios. Although the observation areas were limited, we see a number of Si NPs having a diamond cubic lattice structure, being in good agreement with the macroscopic observation using Raman spectroscopy. 29) The UVvis absorption and PL spectra of the non-oxidized Si NPs, that is, NP-I to V, dispersed in dichloromethane are shown in Fig. 3 . The plots on the right-hand and left-hand sides display the optical absorbance and fluorescence emission spectra for each sample. As is clearly seen, an absorption band-edge (close to 4.35 eV) for the NP-I is blueshifted from that of the bulk spectrum. Furthermore, the obvious blueshift in the absorption band-edge occurs as the decrease of the SiCl 4 /DMDOAB ratios due to the quasi-continuous size-reduction of NPs within size range smaller than 2.5 nm. All of the PL spectra (black solid lines) were thus recorded upon excitation at 266 nm (¿4.66 eV) using a 150 W xenon lamp. Overall, the emission peaks in the PL spectra, corresponding to the near-band-edge emission, were located nearly at the rise edge of the absorption curves, respectively. In the NP-I, the excitation with high photon energy (¿4.66 eV) generates an intense PL peak, with a very narrow fwhm (full width at half-maximum) of 0.48 eV, centered at around 4.0 eV (310 nm). This emission is clearly at a much shorter wavelength (higher photon energy) than would be expected from the bulk bandgap for Si. In addition, its fwhm was as narrow as that of the visible PL spectrum of a single Si nanocrystal. 39) This correspondence implies the successful synthesis of monodisperse Si NPs in the present study. For the NP-II, a small redshift (³0.1 eV) was observed in both absorption and PL spectra. The redshift became insignificant for the NP-III, but the distinct redshift in optical absorption and PL spectra were, relatively, observed with the increase in diameter of the NP cores. Similar optical absorption and emission features were also observed from octane-capped Si NPs, suggesting that difference in interfacial linkage between monolayers and Si cores does not influence on the PL properties.
In order to observe such size-dependent optical absorption and emission spectra in the UV region, the NP surfaces should be passivated to yield a non-oxidized interface between the Si cores and the alkoxy shells. In this Si/organic core/shell nanosystems, the monolayers work as more compact passivating layer. In a wafer chemistry, it is known that over 99% of the outermost Si atoms is homogeneously terminated with hydride atoms through the appropriate HFHNO 3 etching. 40) In a manner similar to the wafer chemistry, non-oxidized NPs can also be produced via termination with hydrogen atoms; however, their PL QYs are only about 17% although a 7% of QY is a high efficiency comparable to the estimates of some of IIVI QDs, e.g., CdSe nanocrystals. Unlike the hydride-termination, the use of organic monolayers leads to much higher efficiency of fluorescence. In fact, the UV PL QYs can reach as high as 20% relative to Ltryptophan, which exhibits a PL maximum at 340 nm (3.65 eV) with a 14% of the known QY, used as a fluorescence standard. Similar in magnitude of QYs were also estimated from other samples. These efficiencies are much higher than those of the hydride-terminated Si NPs. It is also worth noting that the difference in chain length of the monolayers has no discernible impact on optical absorption and emission properties. This was confirmed through the control experiment using methoxy-capped Si NPs in place of hexadecanoxy-capped sample. This confirmation implies that the bright fluorescence at the UV wavelengths arises from the core of Si.
To understand the origin of such highly efficient tailored PL properties, the PL decay dynamics for the strong light emission peaking at 4.0 eV was measured on the nanosecond scale at room-temperature using TCSPC spectroscopic technique, and is shown in Fig. 4 . The PL decay curve (presented by short dashed line) can be satisfactorily fitted as depicted by solid line. As evidenced, the UV PL relaxation was expressed as bi-exponential function with two time constants, i.e., fast initial (¸1 = 1.09 ns) and slow (¸2 = 5.43 ns) decay components, but was almost dominated by the fast decay (due to the 82.47% of relative amplitude, denoted by "B" in Fig. 4) . The PL lifetimes with values between 0.4 and 6.0 ns are of much lower than those of bulk Si, and are as short as comparable to those for direct electronhole bandgap of colloidal semiconductor QDs.
41)43)
Effective role of organic monolayers
We next focused attention on an effective role of organic monolayers in emitting the intense fluorescence. Figure 5 shows HR-TEM images, FTIR spectra and PL spectra of the hexadecanoxy-capped Si NPs with and without oxide, respectively. The NPs with oxide was collected from the product after removal of the sample NP-I by taking advantage of great difference in surface polarity between the partially-oxidized NPs and the nonoxidized NPs. This selective-separation was performed by a silica gel column chromatography technique with an eluent of dichloromethane. A typical HR-TEM image of the collected sample is presented in Fig. 5(b) . As expected, we see a size distribution of the sample NP-VI very similar to that of the sample NP-I; however, the difference in surface chemical property is quite obvious when one compares FTIR spectrum of the NP-I and that of the NP-VI. The absence of the absorption ascribed to the OSiO stretching mode unambiguously indicates the complete protection of the NPs from surface oxidation as evidenced in the spectrum (c). This is possibly due to the successful formation of ordered monomolecular film on the NPs. In concrete terms, the frequencies of¯a(CH 2 ) and¯s(CH 2 ) are, respectively, observed at 2923 and 2852 cm ¹1 , which suggests comparatively ordered monolayers, i.e., a crystalline organic film, even on the NP surface.
37) It can be thus considered that the high molecular coverage prevents the surface of Si NPs from oxidation even under ambient air. A small peak observed at 1073 cm ¹1 is ascribed to the interfacial COSi covalent linkages between the NP surface and the hexadecanoxyl shell. In contrast, a strong and broad vibration at 10001100 cm
¹1
, which indicates the presence of SiO x , is clearly seen in the FTIR spectrum (d). The frequencies of¯a(CH 2 ) and¯s(CH 2 ) are observed at 2927 and 2856 cm ¹1 , respectively. This suggests that the hexadecanoxyl chains immobilized on the NPs are disordered, resulting in an amorphous organic film. 37) Such decrease in molecular coverage leads to the unsuccessful formation of homogeneous methyl-terminated surface on the NPs, and leads to the partial appearance of monolayer-uncovered, i.e., oxidized, regions. 44) Next, the samples of NP-I and NP-VI were analyzed using fluorescence spectroscopy, and their PL spectra are presented in Fig. 5(e) and (f) . One of the obvious differences in the two spectra is the significant redshift of the light emission maximum from 4.0 to 2.8 eV. As displayed in Fig. 3 , the near-band-edge light emissions are observed in a system of the non-oxidized NPs, whereas the absorption band-edge and PL emission for the NP-VI are seen at around 4.17 and 2.8 eV, respectively. In contrast to the NP-I spectrum, the large redshift of the PL spectrum with respect to the absorption spectrum is possibly due to the Stokes shift. Second, the NP-VI exhibits a strong light emission at visible wavelengths longer than 400 nm. The PL spectrum possesses the relatively long emission tail in the longwavelength side although its fwhm is measured as a 0.48 eV which is as narrow as that of the UV PL spectrum. PL decay dynamics for hexadecanoxyl capped Si NPs with and without oxide are compared in Fig. 6 , and indicate distinct relaxation time scales, respectively. The PL relaxation at higher photon energy (³4.0 eV) is almost dominated by fast, i.e., 1 ns, component. The decay curve of the PL emission with its maximum at 2.8 eV is fitted as tri-exponential function with three time constants, i.e., 0.9 ns (· = 16 ps), 4.5 ns (· = 260 ps) and 13.5 ns (· = 84 ps) as shown by the solid smooth line through the data, and the value of » 2 indicates its satisfactory fit. Obviously, the PL relaxation of this blue light emission is mainly dominated by the slow, i.e., 13.5 ns, decay component, which is of substantial length of the PL lifetimes as compared to the NP-I and the direct-bandgap QDs of compound semiconductors, but is considerably shorter than that for bulk Si. The relative QY of this blue PL was estimated to be about 17% using anthracene with a 27% of QY as a standard.
Nanostructures for efficient light emission
In a bulk bandgap structure, a large momentum mismatch between electron and hole wave functions in k space prohibits the direct eh recombination across the bandgap, resulting in an extremely low efficient luminescence (QY¯³10
¹4
) via phononassisted process and long lifetime on the order of tens of microseconds to milliseconds. Interestingly, the downsizing of crystalline Si in diameter less than the bulk exciton Bohr radius (³5 nm) has controversially improved the probability of the direct eh recombination due to spatial confinement of electrons and holes in the Si NP, giving discrete, i.e., atomiclike, energy levels. Most of the research efforts have expected that the sizecontrol creates Si NPs with tailored PL properties, but their PL QYs are somewhat low in comparison to the direct-bandgap QDs of compound semiconductors. It has, therefore, been discussed that this low quantum efficiency arises from the indirect bandgap character which is strongly inherited even in the nanostructures. 32) However, as we have pointed, the full control of size distribution and surface chemistry allows one to produce highly fluorescent Si NPs. In discussing our finding, we first note that a very fast energy transfer from the electronhole pairs excited across the bandgap is observed from the UV luminescent NPs. In addition, it should be considered that the high PL QYs are results of more efficient energy transfer of the excitations. These results strongly suggest the formation of a pseudo-direct opticaltransition channel in an interior of the NPs. In our NP system, the ultrasmall Si cores are completely passivated with organic monolayers, and thus isolated from the neighbors in the surrounding media, e.g., dichloromethane. In such specific environment, the electrons and holes confined in the core could have certain discrete energies, determined by the potential barrier and boundary conditions with the surrounding media. As a consequence, the energies of electrons in the conduction band minimum (lowest unoccupied molecular orbital, LUMO) and for holes in the valence band maximum (highest occupied molecular orbital, HOMO) form subband energy levels, leading to the widening of the fundamental optical bandgap. Therefore, the optical absorbance and emission spectra of the NPs are relatively blueshifted with size reduction, as shown in Fig. 3 . The high QYs is possibly due to the more compactness and greater overlap between electron and hole wave functions with decrease in diameter of NP cores. As a result of the overlapping, we see the fast lifetime of the UV PL feature. On the other hand, the transition process of photoexcited carriers in Si NP with oxide is considerably complex. Although the PL QY of the blue light emission is as high as the values of some of compound semiconductor QDs, the long decay lifetime estimated in the present study suggests that such slow PL relaxation process could be dominated by radiative interface state rather than direct eh recombination across the gap. On the photoexcitation across the bandgap of the NP, the electrons from the LUMO level relax rapidly to the interface state, but relax slowly to recombine with holes at the HOMO level, resulting in a large Stokes shift between absorption and luminescence and a little longer PL lifetime.
Blue luminescent Si NPs for specific molecular labeling
Water-soluble Si NPs was synthesized by NaPh 2 reduction of SiCl 4 encapsulated with inverse micelles of DMDOAB dispersed in absolute toluene, and subsequent reaction with 6-amino-1-hexanol to produce amino-terminated Si NPs. Postsynthesis purification was performed by a conventional silica gel chromatography with an eluent of ethyl acetate under monitoring on thin-layer chromatography (TLC). Figure 7 shows a typical HR-TEM image of the resultant Si NPs which are composed of diamond cubic lattice structures. From 1 H-and 13 C-NMR spectra, we confirmed the covalent attachment of amineterminated monolayers onto the NPs, but the molecular coverage was not so high to cover the entire surface of NPs densely. As expected, the infrared study indicated that the NPs were partially oxidized. It can be discussed that the blue luminescence from the sample appears to be due to the interfacial-related eh recombination, and its QY was estimated to be about 4% using anthracene as a standard.
Next, we examined the biological potential of the aminoterminated NPs as a fluorescent label to detect specific molecular recognition events. For this purpose, we prepared a multifunctional SAM microarray by combining the LML method and two different alkoxysilane inks as demonstrated in our previous paper. 37) Specifically, two different molecular inks, i.e., TESUD and AHAPS, were positioned on the predefined sites by careful control of a femtoliter-scale liquid-injection micromanipulator under a microscope, respectively (see Fig. 8a ). These organosilane inks were transferred from the tips of syringes onto the predefined surface positions. At each deposit, silanization occurred during hydrolysis of the alkoxy groups by physisorbed water on the hydrated surface, followed by a condensation reaction to give a successive siloxane linkage. A SAM microarray of TESUD/AHAPS molecules was prepared by precise control of injection pressure and time (see Fig. 8b ). The attachment steps of the amine-capped NPs are depicted in Fig. 8(d) . The terminal amines of the NPs reacted with the outermost aldehyde group of the TESUD region on the microarray to give the corresponding Schiff base, which was reduced to the secondary amine by sodium cyanoborohydride. Throughout this reaction, the NPs were covalently immobilized onto the TESUD-SAM surface. In order to remove physisorptions, the sample was sonicated in the presence of Tween 20, and was then scrubbed with cottons saturated with phosphate buffered saline (PBS). As the water-soluble NPs exhibit the blue fluorescence emission, their presence on the surface of the microarray was observed under a fluorescence microscope. As shown in Fig. 8(c) , a strong blue fluorescence signal was detected with area-selectivity on the TESUD-covered region. This successful detection, even after strong surface-cleaning, implied that NPs were not simply physisorbed, but was covalently bound to the aldehyde-terminated SAM surface. In contrast, there are no fluorescence emission signals from the AHAPS-covered regions as shown in Fig. 8(c) . This indicated that the AHAPS-SAM surface prevented even nonspecific adsorption of NPs from the contacting buffer. Accordingly, the fluorescence signal from the NPs was the highest in magnitude on the TESUD-SAM region of the microarray. Besides, a 4% of PL QY was enough for the detection and monitoring of specific molecular recognition events.
Conclusion
Alkoxy-capped crystalline Si NPs were synthesized by a NaPh 2 reduction in a mixture of toluene/glyme solution using an inverse micelle method. The size-dependent UV PL features were observed from the non-oxidized Si NPs at room temperature, and a quantum efficiency of the UV fluorescence was very high. The appearance of strong PL emission at the UV wavelengths required both size reduction (d¯2.5 nm) and complete passivation of the surface of the NPs with denselypacked alkoxy monolayers. The changes in chain lengths of surface monolayers were independent of optical absorption and emission features. The high PL QYs and short PL lifetimes estimated from the UV luminescent samples strongly suggested the appearance of the QC effect. The bulk bandgap of Si is 1.1 eV. Interestingly, the size reduction of crystalline Si leads to the increase in bandgap of up to around 4.0 eV in the NP. This implies that the precise size-control theoretically allows the widetuning of bandgap between 1.1 and 4.0 eV. On the other hand, a low molecular coverage became the cause of the partial oxidation of the resultant NPs in ambient air, leading to the interfacialrelated PL feature unlike direct eh recombination across the gap. This consideration was supported by the time-resolved study of the visible PL. The water soluble Si NPs were successfully produced by the reaction between chloride-capped NPs and 6-amino-1-hexanols to give amine-terminated NPs. The use of amine-capped NPs allowed the area-selective fluorescence detection of aldehyde-terminated monolayers formed on the multifunctional SAM microarray with aldehyde and amine terminal groups.
